Intracellular bioenergetic state and extracellu lar adenosine levels were monitored in rat brain prior to and following traumatic brain injury (TBI) using phospho rus magnetic resonance spectroscopy and microdialysis, respectively. Fluid percussion-induced TBI (2.6 ± 0.2 atm) resulted in significant reductions in free cytosolic [Mg2+], cytosolic [ATP]/[ADP] [Pj], and AGATP and ele vations in cytosolic [ADP] and [5'-AMP]. Intracellular ATP concentration and pH did not change significantly after trauma. Mitochondrial capacity for oxidative phos phorylation (indexed by V/V max) increased significantly from -0.45 prior to injury to -0.58 following TBI. All metabolic changes were maximal at 2-3 h post-TBI. Con versely, extracellular adenosine concentrations increased transiently following TBI, with levels peaking at 10 min posttrauma, then declining rapidly to preinjury values by 50 min. Thus, despite pronounced long-term depression Ab b reviations used: MRS, magnetic resonance spectroscopy; PCr, phosphocreatine; TBI, traumatic brain injury.
Adenosine is thought to be an important inhibitor of neuronal activity in the brain and a regulator of cerebral blood flow, The primary source of adeno sine within brain is most likely intracellular 5' -AMP with adenosine formation catalyzed by one or more cytosolic 5'-nucleotidases, Additionally, adenosine release may occur via dephosphorylation of extra cellular adenine nucleotides by ectonucleotidases, Adenosine appears to exist in the interstitial fluid of the brain at a basal concentration of :;:;: 1 J.LM (Van Wylen et aI., 1988; Nilsson et aI., 1990; Hsu et aI., 1991; Chen et aI., 1992) , During various physiolog-in bioenergetic status and a marked rise in [5' -AMP], for mation and release of adenosine were elevated only tran siently within the first hour following TBI. Since steady state adenosine levels were essentially unchanged beyond 1 h posttrauma, mooted neuroprotective actions of en dogenous adenosine would be minimized. Intracerebro ventricular injections of 2-chloroadenosine (0.5 and 2.5 nmol) immediately prior to TBI dose-dependently atten uated metabolic disturbances and improved posttrau matic neurologic outcome (p < 0.05). The observations indicate that (a) TBI results in dissociation of adenosine release from intracellular bioenergetic state, a phenome non possibly contributing to secondary injury following TBI; and (b) supplementing brain with an adenosine ag onist attenuates irreversible injury. Key Words: Trau matic brain injury-Adenosine-Adenosine agonists.
ical and pathophysiological stimuli, the extracellu lar levels of adenosine increase quite dramatically (Berne et aI. , 1974; Winn et aI., 1980 Winn et aI., , 1981 Van Wylen et aI., 1986 Hagberg et aI., 1987; Park et aI., 1988; Hillered et aI., 1989; Hsu et aI., 1991; Chen et aI. , 1992) . Since adenosine release appears to be stimulated by energy supply/demand imbal ances and since adenosine receptor activation can be considered metabolically beneficial, it has been proposed that adenosine acts as an endogenous neuroprotective metabolite (Newby, 1984; Dra gunow and Faull, 1988; Phillis, 1989; Stone� 1990) .
While studies have documented the effects of adenosine in ischemic/hypoxic brain, actions of adenosine in traumatically injured cerebral tissue remain unknown. Traumatic injury to the central nervous system results in alterations in bioenergetic state (Vink et aI., 1987 (Vink et aI., , 1988a and secondary or delayed injury, which contributes to irreversible tis sue damage (Cooper, 1985; Faden, 1986; Vink, 1993) . Secondary injury de velopment is poorly understood, but may be medi ated in part by alterations in Ca2 + homeostasis (Young, 1987; Nilsson et al., 1993) , excitatory amino acids Katayama et al., 1990; Nilsson et al., 1990) , free radicals (Kontos and Povlishock, 1986) , and endogenous opioids (Faden, 1986) . Importantly, adenosine inhibits C�2+ fluxes in neuronal tissue (Proctor and Dun widdie, 1983; Madison et al. , 1987) , inhibits release of excitatory amino acids (Coradetti et al., 1984; Burke and Nadler, 1988; Fredholm and Dunwiddie, 1988) , and reduces formation of free radicals (Cron stein et al., 1985 (Cron stein et al., , 1986 . Since adenosine release is signaled by reductions in bioenergetic state and in creases in excitatory amino acids (Hoehn and White, 1990; Chen et al., 1992) and opioids (Stone, 1981) , it is likely that adenosine levels will increase following trauma. Elevated adenosine may then in teract with extracellular receptors to mediate the protective actions noted here. In this context, it is interesting to note that adenosine Al receptors are present in particularly high density in the dendritic regions of the hippocampus (Fastbom et al. , 1986) , a region that is especially sensitive to injury. Addi tionally, levels of 5' -nucleotidase, the enzyme in volved in formation of adenosine from 5'-AMP, are also relatively high in the hippocampus (Nagata et al., 1984) .
The present study was designed to examine the relationship between extracellular adenosine levels and intracellular bioenergetic state in rat brain prior to and following traumatic brain injury (TBI). Ad ditionally, we have examined the possibility that treatment with the relatively stable adenosine ago nist 2-chloroadenosine might prove beneficial in traumatically injured brain.
METHODS

Fluid percussion injury
Animals were prepared and injured by fluid percussion as previously described in detail elsewhere . Briefly, male Sprague-Dawley rats (250--350 g) were initially anesthetized with sodium pentobarbital (60 mg kg-1 i.p.) and intubated. The left femoral vein was then catheterized for constant infusion of sodium pento barbital (15 mg kg -I h -I ) while the caudal artery was catheterized for continuous monitoring of mean arterial blood pressure. After retracting scalp and temporal mus cles, a craniotomy was performed over the left parietal cortex and experimental fluid percussion injury was in duced by rapidly injecting a bolus of isotonic saline into the cranial cavity via a female Luer-Loc fitting implanted in the craniotomy. The pressure of the injected saline pulse in the current experiments, as measured extracra nially, was 2.6 ± 0.2 atm. It has been previously demon strated that such lateral injury causes brief deformation of J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 brain tissue with resultant damage in the cortex, hippo campus, and subcortical regions of the ipsilateral hemi sphere (Vink et al., 1987; . Throughout all procedures animals were kept on a heating pad to maintain rectal temperature at 37°C.
Magnetic resonance spectroscopy
Intracellular brain metabolism was monitored by phos phorus magnetic resonance spectroscopy C1p MRS) us ing a 7.0-T magnet interfaced with a Varian spectrometer console. Animals were placed in a specially designed Plexiglas holder, and a 5 x 9-mm surface coil was cen trally located over the trauma site. After insertion of the animal into the center of the magnet bore, field homoge neity was optimized on the proton resonance of water before 3 1p MRS spectra were acquired prior to and for 4 h following TBI as described previously (Emerson et al., 1993) . Spectra made up of 1,024 free induction decays were obtained using a 90° pulse centered at a cortical depth of 2 mm applied with a repetition rate of 700 ms over a 4,000-Hz spectral width. A 20-Hz exponential filter was applied prior to Fourier transformation and the broad components of the spectra removed using 40-point base line correction. Peak shifts and integrals were determined using the resident SISCO MRS software.
Microdialysis analysis of extracellular purines during injury
Purpose-built microdialysis cannulas were constructed in a manner similar to that described previously Van Wylen et al., 1988) . Briefly, cannulas were constructed from a Clirans TH lO dialysis fiber (300-fLm i.d.) with a molecular cutoff of 5,000 amu and a silica inflow tube and silica outflow tube with outside diameters of 150 fLm and inside diameters of 75 fLm. The inflow and outflow tubes were aligned within the dialysis membrane allowing a 2.4-mm "window" exposed for dialysis at the lowermost portion of the fiber. Cannulas were stereotax ically implanted horizontally, ipsilateral to the trauma site, 5.0 mm posterior, 4.1 mm ventral, and 3.1 lateral to bregma such that the dialysis fiber window was located between 3.1 and 5.5 mm lateral relative to bregma principally within the CAz and CA3 regions of the hippo campus, which have been shown previously to display development of secondary injury or delayed cell death following this type of trauma Faden et al., 1989) . This location was also well within the sensitive volume of the MRS surface coil. The cannulas were fixed in place with dental cement as described pre viously . Following cannula implanta tion, a 90-min equilibration period was allowed prior to injury in which cannulas were perfused continuously with artificial CSF [containing (mM) NaCI 133, NaHC03 25, urea 6.7, glucose 3.7, KCI 3.0, CaClz 2.0, MgClz 0.7] at a rate of 2 fLl min -1 (Harvard Apparatus pump 22) and dialysate collected continuously. After the equilibration period, TBI was induced (n = 6) as described. Dialysate samples were collected in lO-min blocks over 4 h post trauma and were immediately frozen at -70°C until an alyzed for adenosine, inosine, hypoxanthine,. xanthine, and uric acid using HPLC as described previously (Head rick et al., 1991) .
Drug treatment
Immediately prior to injury, randomly selected animals received intracerebroventricular (i.c.v.) infusions of ei-ther artificial CSF (n = 7) or low (0.5 nmol; n = 6) or high (5 nmol; n = 5) doses of 2-chloroadenosine. A 30-gauge needle was stereotaxically inserted into the ventricular cavity via the craniotomy (-4.2 mm from bregma, + 5 mm lateral, and -5 mm ventrally into the third ventricle). Vehicle or 2-chloroadenosine solutions were infused at a rate of 1 fLl min -1 for a period of 10 min. After withdrawal of the needle, TBI was induced in all animals as de scribed, and animals were monitored by 31p MRS for 4 h posttrauma.
Neurologic evaluation
Neurological outcome at 24 h and 1 week posttrauma was assessed by an observer blinded to treatment in all animals subjected to 31p MRS (n = 24). Animals were scored from 5 (normal) to 0 (nonfunctional) using a bat tery of specially designed motor function tests: contralat eral forelimb flexion response when suspended by the tail; decreased resistance to lateral pulsion; and ability to stand on an inclined plane for 5 s (Vink et aI., 1988a-c; McIntosh et aI., 1989) . A composite neurological score (0--15) was then obtained by combination of scores for the three different motor function tests as described previ ously (McIntosh et aI., 1989) .
Data analysis
Cytosolic free [Mg2 +] ([Mg2 + l) was calculated from the chemical shift difference between the a-P and (3-P resonances of ATP (Gupta et aI., 1978) , while the cerebral pHi was calculated from the chemical shift of Pi relative to phosphocreatine (PCr) (Petroff et aI., 1985) . These cal culations as applied to TBI have been described in detail elsewhere (Vink et aI., 1988b,c; Emerson et aI., 1993) . Similarly, cytosolic phosphorylation potential ([ATP]I [ADP][PiD, free [ADP], free cytosolic [5'-AMP], and the free energy of ATP hydrolysis (LlGATP) were calculated as previously described (Lawson and Veech, 1979; Vink et aI., 1988c) . Mitochondrial capacity for oxidative phos phorylation was estimated using the modified Michaelis Menten equation (Nioka et aI., 1991) :
The Km values for ADP (Km ) and Pi (Kmp) were as sumed to approximate 0.02 a�d 1 mM, respectively.
Spectral and hemodynamic data were evaluated using repeated analysis of variance followed by Dunnett's test at each time point. Neurological scores were compared using nonparametric Kruskall-Wallis analysis of variance followed by individual Mann-Whitney U tests. A p value of <0.05 was accepted as indicative of statistical signifi cance.
RESULTS
Effects of trauma on blood pressure and intracellular metabolism
The preinjury mean arterial blood pressure was 89 ± 8 mm Hg and heart rate was 342 ± 20 beats/ min. Traumatic injury resulted in a transient eleva tion in mean arterial blood pressure of -60% during the I-min period immediately following injury. Mean arterial blood pressure then rapidly recovered to preinjury levels and remained stable at these lev els for the duration of the 4-h postinjury examina tion period. Heart rate remained stable throughout the experiments. Blood gases remained within nor mal limits prior to and following injury (Po 2 = 100-120 mm Hg, Peo 2 = 35-40 mm Hg, pH = 7. 35-7.45).
Alterations in intracellular metabolism or bioen ergetic state in control, untreated animals (n = 6) as determined by 3 1p MRS were gradual and sustained for the entire 4-h posttraumatic monitoring period. No significant changes in ATP levels were detected following injury based upon the intensity of the I3-ATP peak. As shown in Table 1 , the ratio of perl Pi declined following injury, whereas pHi remained unchanged.
[Mg2+]i declined to a stable value of <55% of preinjury values within the first 1-2 h postinjury ( Table 1 ). The cytosolic phosphorylation potential declined gradually to <50% of the prein jury value at 3 h postinjury ( Fig. 1 ). Free [ADP] increased significantly following injury and free in tracellular [5' -AMP] increased gradually to a maxi mum value of >400% greater than preinjury levels at 3 h postinjury ( Fig. 1) . Due largely to the changes in [Mg2 +]i associated with TBI, the equilibrium val ues of the creatine kinase and ATPase reactions changed significantly (Table 2) . Thus, the creatine kinase equilibrium decreased significantly following injury, and the ATPase equilibrium increased. The adenylate kinase equilibrium decreased slightly, al beit insignificantly. The changes in enzyme equilib ria contributed substantially to the calculated alter ations in bioenergetic state. The ratio of mitochon drial ATP synthesis relative to maximum synthesis rate (V/V max) was -0. 45 prior to injury and in creased significantly (p < 0. 05) to greater than -0.55 within the first hour after trauma. A maxi mum value of -0.58 was noted at 2 h post-TBI, after which V/V max gradually declined to <0.50 by 4 h posttrauma. Thus, activation of mitochondrial oxidative metabolism does appear to increase with injury. Metabolite values were measured using 31pMRS prior to TBI and at 1, 2, 3, and 4 h postinjury. All values are means ± SO (n = 6). For abbreviations see the text. a Values differing significantly from preinjury values (p < 0.05). 
Effects of trauma on extracellular purines
Prior to TBI, dialysate adenosine levels were �0.20 /A-M. As opposed to the prolonged and more gradual changes in metabolic state following TBI, dialysate adenosine levels increased rapidly by >30-fold (Fig. 2) , then declined almost as rapidly until they were not significantly greater than prein jury concentrations after 40 min. Dialysate inosine levels changed in parallel with extracellular adeno- Metabolite values were measured using 31PMRS prior to trau matic brain injury and at 1, 2, 3, and 4 h postinjury. All values are means ± SD (n = 6).
a Values differing significantly from preinjury values (p < 0.05).
J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 sine (Fig. 2) . Hypoxanthine, xanthine, and uric acid levels all increased significantly following TBI; however, these compounds increased over a slightly more gradual time course and took longer to recover to baseline (Fig. 2 ).
Metabolic and fu nctional effects of 2-chloroadenosine in traumatically injured rats
Preliminary studies indicated that 2-chloro, adenosine infusion had no significant effects on he modynamic parameters, intracellular bioenergetic state (indexed by the phosphorylation potential, PCr/Pi' or PCr/ATP), or [Mg2+]i in uninjured ani mals up to 4 h following infusion (n = 5, data not shown). Animals that received prophylactic infu sions of either 0.5 or 5 nmol 2-chloroadenosine dis played significantly improved bioenergetic status and [Mg2 +]i compared with vehicle-treated animals during the 4-h postinjury period (Fig. 3) . The effects of 2-chloroadenosine were dose dependent with the greatest protection being afforded by the higher dose. In addition to the effects of 2-chloroadenosine on phosphorylation potential and [Mg2 +]i' trauma- dependent changes in key enzymatic equilibria were significantly attenuated (Table 3) . Thus, the significant changes in Kck' KATP' and Kak observed in untreated injured brains were insignificant in 2-chloroadenosine-treated brains. Furthermore, postinjury Kck was significantly higher, and KATP lower, in 2-chloroadenosine-treated compared with untreated brains. Functionally, injured animals pre treated with 2-chloroadenosine recovered to a greater extent than untreated animals, as assessed by composite neuroscores obtained at 24 h and 1 week postinjury (Fig. 4) .
DISCUSSION
Investigators have studied adenosine levels dur ing cerebral ischemia, hypotension, hypoxia, and seizures (Berne et aI., 1974; Winn et aI., 1980 Winn et aI., , 1981 Hagberg et aI. , 1987; Park et aI. , 1988; Van Wylen et aI., 1988; Hillered et aI., 1989 , Hsu et aI., 1991 and the effects of adenosine agonists under similar conditions (Evans et aI. , 1987; von Lubitz et aI., 1988; Roucher et aI., 1991) . However, little infor mation exists regarding either the role of endoge nous adenosine or the pharmacological effects of adenosine agonists in traumatically injured brain. To the best of our knowledge, this study is the first examination of changes in extracellular adenosine levels together with bioenergetic state in experi mental TBI and of the metabolic and functional ef fects of adenosinergic treatment in TBI. The results indicate that moderate TBI causes a profound but transient increase in steady-state extracellular adenosine that does not parallel posttraumatic alter ations in bioenergetic state and 5'-AMP. Further more, we demonstrate the intracerebroventricular application of a relatively stable adenosine agonist Metabolite values were measured using 31p MRS prior to TBI and at 4 h postinjury. Animals received 10-11.1 i.c.v. injections of either vehicle (artificial CSF; n = 7), 0.5 nmol 2-chloroadenosine (low dose; n = 6), or 2.5 nmol 2-chloroadenosine (high dose; n = 5) prior to TBI. All values are means ± SD. For abbreviations see the text. a Values differing significantly from preinjury values (p < 0.05).
b Values in treated brains differing from values in untreated brains (p < 0.05).
(2-chloroadenosine) significantly attenuates meta bolic and functional abnormalities resulting from TBI.
Dialysate adenosine levels acquired under con trol conditions in this study are consistent with val ues from previous studies performed in rats and other species (Hagberg et aI., 1987; Van Wylen et aI., 1988; Hillered et aI., 1989; Nilsson et aI., 1990; Hsu et aI., 1991) . Such studies may overestimate resting extracellular solute levels since longer peri ods of time may be needed for solutes to recover to basal values post-cannula insertion. Nevertheless, the microdialysis technique, as applied in such stud ies, does allow for an examination of the relative effects of various interventions on extracellular sol utes. In the present study, fluid percussion-induced trauma produced a dramatic increase in extracellu lar adenosine, consistent with recent observations of Nilsson et aI. (1990) in a different trauma model. The elevation in adenosine was, however, transient and levels returned to basal values within 50 min of the traumatic event. Inasmuch as the elevation in dialysate adenosine concentration may represent an overestimation (possibly due to location of the probe within the brain tissue during the percussion event), the present results clearly indicate that con cussive brain injury does not produce sustained changes in extracellular adenosine levels beyond 40-50 min, despite a prolonged and profound reduc tion in bioenergetic state and elevation in intracel lular substrate (5'-AMP).
As shown in previous studies (Vink et aI., 1988a,c) , intracellular bioenergetic state declined following fluid percussion-induced brain injury pri-J Cereb Blood Flow Metab, Vol. 14, No. 5, 1994 marily due to the injury-dependent fall in [Mg2 +]j. In response to reduced bioenergetic state, mito chondrial oxidative capacity (V!V max) increased. Assuming that the maximum rate of ATP synthesis (V max) is constant under our conditions, the in creased V!V max reflects an increase in the rate of ATP synthesis (Nioka et aI., 1991) . Consistent with our observations and with increased oxidative phosphorylation, Duckrow et aI. (1981) observed transient oxidation of cytochrome a,a 3 following head injury in cats. Furthermore, mitochondria have an overcapacity with regard to energy produc tion, and since V!V max never exceeded 0.60, they 24 Hours Post-Inj ury injections of either vehicle (artificial CSF; n = 7), 0.5 nmol 2-chloroadenosine (low dose; n = 6). or 2.5 nmol 2-chloro adenosine (high dose; n = 5). Neuroscores were significantly higher in both treatment groups compared with the un treated group at 24 h (p < 0.01) and in the high-dose group after 1 week (p < 0.05).
are not severely stressed. Accordingly, unlike isch emia, ATP concentration never declines signifi cantly following moderate brain trauma. This find ing is consistent with previous studies on energy metabolism after TBI (Nilsson and Ponten, 1977; Yang et aI., 1985; Vink et aI. , 1987; Unterberg et aI., 1988) . It is this difference in ATP concentration be tween moderate trauma and ischemia that may ac count for some of the differences in the kinetics of adenosine release observed in the two conditions. It is generally considered that extracellular purine levels are related to cellular bioenergetic state (Hag berg et aI., 1978; Phillis, 1989) . Indeed, it has been suggested that purine release is an extremely sensi tive and accurate index of bioenergetic state in other tissues (Zucchi et aI., 1990) . While this might be the case during cerebral ischemia or hypoxia, the relationship between adenosine levels and meta bolic state may differ in trauma since, as noted, the metabolic profiles for these conditions differ con siderably.
The precise nature of the mechanism(s) underly ing the apparent dissociation between extracellular adenosine and intracellular bioenergetic state ) under our conditions is unclear. How ever, the present observations could be reconciled if the activity of 5' -nucleotidase were depressed due to the significantly reduced [Mg2 +]j and sustained ATP posttrauma. Other possibilities include accel erated adenosine breakdown following injury (if adenosine deaminase were released from damaged tissue, for example) or increased flux of 5' -AMP through IMP to inosine. The former possibility seems unlikely, however, given that the contribu tion of adenosine to the total extracellular purine pool remains constant throughout the experimental period. Similarly increased flux through IMP is un likely since the rise in inosine was also transient. Alternatively, as opposed to ischemia or hypoxia, changes in extracellular adenosine may be governed by factors other than intracellular 5' -AMP levels postinjury. Posttraumatic release may reflect in creased release of extracellular nucleotides or pu rine release from transmitter-related vesicular pools. For example, rapid and transient elevations in excitatory amino acids following injury may di rectly stimulate transient changes in adenosine lev els (Jhamandas and Dumbrille, 1980; Hoehn and White, 1990; Chen et aI. , 1992) . Nevertheless, this being the case, one must still reconcile a sustained fourfold elevation in free intracellular 5'-AMP lev els with an apparent absence of increased degrada tion to adenosine and subsequent efflux of adeno sine into the extracellular compartment. Two final considerations are whether tissue sampled by MRS is representative of the region sampled by microdi alysis and whether the region sampled by dialysis is actually injured following trauma. We note that the microdialysis cannula is located well within the sen sitive volume of the surface coils (Vink et aI., 1987) and therefore samples fluid from tissue regions con tributing to 31p spectra. Furthermore, previous di alysis studies indicate that our model of injury re sults in pronounced release of excitatory amino ac ids in this region , while histopathological data indicate delayed cell loss and significant tissue damage in this area (Vink et aI., 1988a; Cortez et aI., 1989; McIntosh et aI., 1989) .
Irrespective of the reasons underlying the appar ent lack of correlation between adenosine release and bioenergetic state after trauma, if adenosine does play a neuroprotective role, this dissociation may reflect an abnormality contributing to second ary injury following trauma. Certainly, the present results indicate that potentially protective actions of endogenous adenosine (Proctor and Dunwiddie, 1983; Coradetti et aI., 1984; Newby, 1984; Cron stein et aI. , 1985 Cron stein et aI. , , 1986 Madison et aI., 1987; Dra gunow and'Faull, 1988; Fredholm and Dunwiddie, 1988) are minimized in trauma. It therefore seemed possible that treatment with an adenosine agonist might prove beneficial during injury. We pretreated rats with 2-chloroadenosine, which displays some selectivity for the AI adenosine receptor relative to the A 2 receptor and is a poor substrate for cellular transport and metabolism. Assuming a CSF volume of 400-500 fJ-I in the rat and that intracerebroven tricular infusion results in relatively uniform distri bution of infusate throughout this compartment, the final extracellular concentrations of 2-chloro adenosine would approximate 1 and 5 fJ-M follow ing infusion of either 0.5 or 2.5 nmol of 2-chloroad enosine, respectively. These concentrations are within the range that would be expected to stimu late adenosine receptors. After injury, 2-chloro adenosine-treated animals demonstrated signifi cantly improved cerebral bioenergetic state and [Mg2 +]j relative to untreated animals. The im proved bioenergetic state of treated animals was as sociated with a significant improvement in func tional outcome. These results therefore suggest that adenosinergic therapy may be potentially useful in the treatment of TBI.
The mechanism(s) underlying the neuroprotec tive effects of prophylactic 2-chloroadenosine in in jured brain is unclear. Improved functional out come was associated with improved bioenergetic state and free [Mg2 +]j following trauma. The poten tially detrimental alterations in the creatine kinase and ATPase equilibria were also reduced by ad-enosinergic therapy (Table 3) . Since the agonist we have employed possesses some selectivity for the Al receptor and our final extracellular concentra tions of the agonist are relatively low, these meta bolically beneficial effects of 2-chloroadenosine are likely mediated via the high-affinity Al receptor. Al receptors are responsible for inhibition of excitato ry amino acid release, inhibition of neuronal Ca2+ influx, induction of hypothermia, and reduced ce rebral metabolic rate (for reviews see Stone, 1990; Miller and Hsu, 1992) . All of these actions could contribute to improved metabolic and neurologic outcome following trauma. It is also possible that Az-mediated vascular dilation may occur with 2-chloroadenosine and that this may contribute to neuroprotection. Future studies will be directed to ward identifying the mechanisms underlying neuro protection afforded by adenosine agonists in trau matically injured brain.
